Background: Collateral circulation is considered key for left ventricular (LV) function recovery in patients with chronic total occlusion (CTO). However, there are conflicting reports about the influence of collaterals on LV recovery after revascularization.
T he clinical role of the coronary collateral circulation on left ventricular (LV) function recovery in patients with chronic total coronary occlusion (CTO) has been a subject of great controversy for many years. The possible functional recovery and its beneficial effect on survival are the reasons for the technically demanding attempt to recanalize a CTO. [1] [2] [3] [4] [5] [6] [7] Coronary collateral circulation constitutes an alternative blood supply to the ischemic myocardium, and its protective role has been demonstrated by numerous investigations. 8 On the other hand, despite the presence of coronary collaterals, most patients with CTO show various degrees of LV dysfunction, especially in the long term.
Although the conventional method of assessing collaterals is coronary angiography, 9 -11 this does not provide sufficient information regarding myocardial tissue perfusion. 12, 13 There are conflicting reports on the influence of collaterals on There is no commercial or proprietary interest in any drug, device, or equipment mentioned in the submitted article.
• Collateral circulation is considered key for left ventricular (LV) function recovery in patients with chronic total occlusion (CTO).
• There are conflicting reports about the influence of collaterals on LV recovery after revascularization.
• Our study shows that myocardial function recovery in patients with CTO is not only closely linked to coronary collateral circulation, but is determined by myocardial regional perfusion.
• Myocardial contrast echocardiography has an important additional value for prognosis and risk stratification in patients with CTO undergoing cardiac catheterization.
the preservation of LV function and its relation to LV recovery. 14 -17 Myocardial contrast echocardiography (MCE) is a reliable method for assessing myocardial perfusion, the presence of which denotes myocardial viability. 18 -20 In this study, we aimed to ascertain the ability of intracoronary MCE, qualitatively and quantitatively, to evaluate myocardial regional perfusion in the territory of an occluded coronary artery. We also aimed to determine the relation between myocardial regional perfusion and LV function recovery in long-term follow up after successful revascularization in patients with angiographically visible collateral circulation of grade 2 and 3.
Materials and Methods

Patients and Study Protocol
The study population consisted of 78 patients with CTO in one of the major coronary arteries. All CTO patients had a duration of Ͼ2 weeks, Thrombolysis in Myocardial Infarction (TIMI) grade 0 flow, and spontaneously visible collaterals. The duration of the occlusion was defined by a prior myocardial infarction (MI) or the onset of chest pain before the diagnostic angiography. Successful infarct-related artery (IRA) recanalization (defined as TIMI flow grade 3 and residual stenosis Ͻ30%) occurred in all 78 patients during this study. Exclusion criteria were (1) inability to identify IRA; (2) significant other cardiac disease; and (3) life-limiting noncardiac disease. No upper age limit was used. Of the 78 patients initially selected for the study, 6 (8%) were excluded for inadequate echocardiographic image quality, and 8 patients (10%) did not adhere to follow-up protocol. Thus, 64 patients (42 men; mean age 61.2 Ϯ 11 years, range 47 to 85 years) represented the final study group. The research protocol was approved by the hospital ethics committee, and informed consent was obtained from each patient.
Angiographic Assessment of Collaterals
All angiographic studies were done with a 7-inch field size. The view with the least foreshortening of the collateral connection was selected for analysis. Angiograms were stored on digital media and analyzed as follows:
(1) The collateral filling of the recipient artery was assessed according to Rentrop et al. 21 All collaterals in CTOs were either Rentrop grade 2 (partial epicardial filling of the occluded artery) or 3 (complete epicardial filling of the occluded artery).
(2) The anatomic pathways were categorized according to Levin's 22 26 different pathways and then summarized in four categories: septal, intra-arterial (bridging), epicardial with proximal takeoff (atrial branches), and epicardial with distal takeoff. 23 In the case of coexisting collateral pathways, the principal pathway was defined as the one that was the first to opacify the occluded epicardial segment.
(3) The size of the collateral connection (CC) diameter was assessed by 3 grades: CC0 -no continuous connection between donor and recipient artery; CC1-continuous, threadlike connection; and CC2-continuous, small, side branch-like size of the collateral throughout its course. To provide a size estimate, the collaterals were measured with an electronic caliper on enlarged still images: CC1 collaterals had diameters Յ0.3 mm and CC2 Ն0.4 mm. All eligible collateral connections were ranged CC1-CC2.
Two-Dimensional Myocardial Contrast Echocardiography
Intracoronary MCE was performed after diagnostic coronary angiography. MCE was performed by injection of SonoVue ® (Bracco, Byk-Gulden, Konstanz, Germany), handagitated during its passage through a three-way stopcock through standard angiographic coronary catheters. 24 Images were analyzed visually and quantitatively off line by two readers who had no knowledge of the clinical and angiographic data.
The LV was divided according to a 16-segment model. 25 In each segment, the MCE effect was scored as 0 (no visible contrast effect); 1 (patchy myocardial contrast enhancement or opacification on the epicardial layer effect); or 2 (homogeneous contrast effect). The echocardiographic view that delineated the most asynergic walls in IRA territory was chosen for contrast echocardiographic analysis. In this view, the risk area was defined as an IRA territory. In each patient, an area-at-risk MCE score index (MCESI) was derived by averaging the scores from each segment within the area at risk. 24 Regional wall motion was assessed according to the same 16-segment model used for contrast echocardiography. For each segment, wall motion was scored as 1 (normal), 2 (hypokinetic), 3 (akinetic), or 4 (dyskinetic). In each patient, an IRA territory wall motion score index (WMSI) was derived by averaging the scores from each segment within the area at risk. LV volumes and ejection fraction were measured with the modified Simpson rule algorithm 25, 26 The mean value of three measurements of the technically best cardiac cycles was taken from each examination. Color Doppler of mitral regurgitation was graded with a 0 to 4 scale (0 ϭ none, 1 ϭ mild, 2 ϭ moderate, 3 ϭ moderate to severe, and 4 ϭ severe).
A serial assessment of WMSI and left ventricular ejection fraction (LVEF) were obtained at baseline one month and six months after successful revascularization for all patients.
Quantitative Analysis
Regions of interest were placed in each segment from the epicardium to the endocardium to analyze replenishment kinetics from end-systolic frames. 27 Plots of contrast intensity versus time curve were constructed and fit to an exponential function, y ϭ A * (1 Ϫ e Ϫ␤t ). 28 Curves were analyzed by an investigator blinded to clinical and echocardiographic data. The plateau of signal intensity (A, representing capillary blood volume) and the slope of maximal intensity increase (␤, representing mean myocardial red blood cell velocity) were measured, and the product of A * ␤ were calculated to estimate myocardial blood flow. Inter-and intraobserver variabilities for the estimation of the myocardial blood flow (A * ␤) were obtained by double-blinded observers by repeating analysis of representative myocardial contrast echocardiograms.
Follow Up
After hospital discharge, patients were required to take regular medication. No attempt was made to standardize therapy. All patients were asked to return for one-month and six-month follow up.
Statistical Analysis
Data are presented as mean Ϯ SD. Baseline data were compared by means of the 2 test for categorical variables and unpaired t test for continuous variables. The correlation between two parameters was assessed by linear regression analysis. A value of P Ͻ 0.05 was considered statistically significant. Statistical analysis was performed with SPSS 
Results
Angiographic Assessment of Collateral Vessels
The subsequent analysis included only one principal collateral pathway in each of all 64 eligible patients, which was through septal connections in 45%, atrial epicardial connections in 28%, distal interarterial connections in 26%, and bridging connections in 1%. Collateral connection grade CC1 was observed in 54%, and CC2 observed in 46%. The filling of the occluded epicardial segment was graded as Rentrop grade 2 in 42% and grade 3 in 58%.
Patient Grouping and Baseline Characteristics
Before angioplasty, myocardial perfusion defects (area at risk) were observed in all eligible patients and involved 169 segments. From MCE studies, 43 patients were identified with an MCESI Ն0.5 (patients with regional myocardial perfusion) and 21 patients with MCESI Ͻ0.5 were identified (without regional myocardial perfusion). All patients were divided into two groups: group A with MCESI Ͻ0.5 (n ϭ 21), and group B with MCESI Ն0.5 (n ϭ 43). There was no significant difference in clinical characteristics between the two groups (Table) .
All 64 patients underwent successful revascularization of IRA, including stent placement, achieving TIMI grade flow 3 and Ͻ30% residual stenosis. No effects of SonoVue ® were noted on rhythm and blood pressure, and no allergic reactions were observed during and 30 minutes after contrast agent administration.
Time Course of Changes in Wall Motion and LV Function Recovery
In group B patients, WMSI improved at one-month (1.95 Ϯ 0.58) and six-month (1.68 Ϯ 0.42) follow up compared with baseline (2.62 Ϯ 0.33). In group A patients, WMSI change was only significant at six-month follow-up (2.39 Ϯ 0.16) compared with baseline (2.73 Ϯ 0.37). In group B patients, WMSI had significant improvement compared with group A at one-month (1.95 Ϯ 0.58 vs 2.62 Ϯ 0.31) and six-month (1.68 Ϯ 0.42 vs 2.39 Ϯ 0.16) follow up (P Ͻ 0.01), but not at baseline (Fig. 1) . In group B patients, LVEF increased at one-month (42.53 Ϯ 6.03) and six-month (44.98 Ϯ 6.25) follow up compared with baseline (35.51 Ϯ 6.58). In group A patients, LVEF change was only significant at six-month (37.05 Ϯ 5.26) follow up compared with baseline (33.62 Ϯ 5.84). LVEF change was more improved in group B patients than in group A at one-month (42.53 Ϯ 6.03 vs 34.76 Ϯ 5.71) and sixmonth (44.98 Ϯ 6.25 vs 37.05 Ϯ 5.26) follow up (P Ͻ 0.01), but there was no difference at baseline (P Ͼ 0.05) (Fig. 2) .
Correlation Between Regional Myocardial Perfusion and LV Function
MCE quantification assessment (Q ϭ A * ␤) of perfusion was measured in all 64 patients(18.58 Ϯ 10.21)including group A (6.73 Ϯ 2.88) and group B (24.36 Ϯ 6.92) before occlusion artery revascularization. There was a significant correlation between the myocardial regional blood flow (Q) and changes of WMSI (r 2 ϭ Ϫ0.65) as well as changes of LVEF (r 2 ϭ 0.62) at six-month follow up (Fig. 3) . Similar correlations were observed between MCESI and changes of WMSI (r 2 ϭ Ϫ0.62) as well as changes of LVEF (r 2 ϭ 0.64) at six-month follow up (Fig. 4) .
Discussion
Angiographic studies have shown that the presence of collateral vessels is directly related to the extent and severity of coronary artery disease. However, angiographically visualized collateral vessels do not always imply the presence of viable myocardium, and there is a poor correlation between angiographic collateral vessel filling and myocardial function or perfusion. 29 In contrast to some of the previous studies using angiography, we included only patients with angio- graphically visible collaterals of grades 2 and 3. We did not address the influence of angiographically poorly visible or undetectable collaterals. In this study, we assessed myocardial regional perfusion, function, and viability in patients with a chronic total occluded coronary artery and collateral-dependent myocardium with MCE. We observed that in patients with regional microvascular perfusion, WMSI and LVEF improved at one-month and six-month follow up compared with baseline, and had more improvement than in patients without regional microvascular perfusion. In those patients, enhanced WMSI and LVEF at six-month follow up only was significant compared with baseline.
At the same time, our study found significant correlations between the myocardial regional blood flow (Q) and changes of WMSI (r 2 ϭ Ϫ0.65), as well as changes of LVEF (r 2 ϭ 0.66) at six-month follow up. Similar correlations were observed between MCESI and changes in WMSI (r 2 ϭ Ϫ0.62) and in LVEF (r 2 ϭ 0.67) at six-month follow up. Obviously, myocardial function recovery after revascularization of a CTO is not only closely linked to coronary collaterals, but rather, is the result of the pre-existent myocardial regional perfusion.
The most pronounced increase of LVEF occurred in patients with severely depressed LV function, in accordance with previous studies. 4, 5 In addition, we were able to demonstrate a significant correlation between the myocardial regional perfusion supplied by collateral vessels and function recovery in collateral-dependent myocardium independent of their collateral vessel filling by six-month follow up. Furthermore, angiography demonstrates epicardial artery, which may not reflect true myocardial tissue perfusion.
Semiquantitative assessment is the main problem of angiographic grading of collaterals; on the other hand, coronary angiography should not be used to assess collaterals. Most collateral vessels are intramyocardial and are Ͻ100 m in diameter, a size that cannot be resolved with angiography. Although angiography can demonstrate the presence of epicardial collateral vessels, it does not define the distribution of collateral flow within the myocardium. Extensive collaterals on angiography in the presence of an occluded artery may not reflect adequate myocardial regional perfusion. Therefore, assessment of the adequacy of myocardial regional perfusion may be important in this situation in deciding on the need for revascularization.
Invasive assessment using Doppler and pressure microsensors is superior to angiographic assessment. 17,30 -32 In CTO with frequently impaired LV function and prior MI, the best approach to describe collateral function is to obtain both pressure and flow velocity recordings and calculate indices of collateral and peripheral vascular resistance. However, the procedure is usually expensive, complex, difficult, and unavailable in most hospitals.
MCE provides a much more accurate estimation of myocardial regional perfusion supplied by collateral vessels. The gas-filled bubbles used for MCE are the size of red blood cells and demonstrate an intravascular rheology similar to that of red cells. 33 We determined that MCE may be best suited for assessing regional microvascular flow of CTO territory in patients undergoing cardiac catheterization. The myocardium supplied with lower levels of anterograde flow will fill slower than normal myocardium. If the MCESI is more than 0.5 in CTO territory, then the myocardium may be viable, and revascularization would result in improvement in myocardial function.
The difference in results in the two patient groups may be due to the regional myocardium with microthromboemboli and microvascular dysfunction.
Limitations
Limitations of our study included the highly selective patient selection. This study excluded patients with significant stenosis of the collateral-supplying vessel. Therefore, we cannot generalize our results to patients with more severe CAD, where collateral perfusion might be hampered by an additional stenosis of the supplying vessel.
Conclusion
Our study determined that LV myocardial function recovery after revascularization in patients with CTO is not only closely linked to coronary collateral circulation, but is determined by myocardial regional perfusion.
MCE has an important additional value for prognosis and risk stratification in patients with CTO undergoing cardiac catheterization.
